In this work, hybrid composites were prepared using polyaniline (PANI) and electrochemically reduced graphene oxide (ERGO) by in situ polymerization. ERGO powders were obtained by a two-way route, Hummer's method, and one-step potential (−2 V) followed by annealing process at 400°C (TERGO powders): different quantities of TERGO fine particles (10, 20, and 30 wt%) were added to the in situ PANI polymerization in order to produce the hybrid composites. The morphology and structure of the PANI/TERGO compounds were characterized by Raman spectroscopy, ultraviolet-visible spectroscopy (UV-Vis), X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Thermal treatment of ERGO powders pointed out high-defect surfaces with a wrinkle-type morphology (I D /I G ratio~0.90). The emeraldine phase of PANI was obtained with a maximum value of 61%, which decreases with the amount of TERGO powders. It is also seen that composites displayed a combined morphology between PANI matrix and TERGO powders, confirming a physical interaction between both morphologies. The amount of TERGO particles into the polymeric matrix also modifies the sample microstructure from a semispherical shape to extend sheets, where PANI is sandwiched between TERGO layers. Electrical conductivity of composites slightly increases independent of the TERGO amount (30 S/m and 39 S/m) due to the rough TERGO surface that conditioned the homogeneous nucleation of a large amount of polymer (PANI) reducing the area to move the electrical charge.
Introduction
Since the discovery of intrinsically conducting polymers (ICPs), it has received a great interest due to its wide use as supercapacitors, fabrication of electromagnetic interference shield, electrostatic discharged materials, sensors, batteries, and barrier coatings [1] [2] [3] [4] [5] [6] [7] . Conducting properties can be achieved by reduction of the neutral state. One of these conducting polymers is polyaniline (PANI), which can be protonated (doped) or deprotonated (undoped) after simple acid or base treatment.
Chemical oxidative polymerization (also known as electrochemical polymerization) in acid media is the most recommended process to increase the electrical conductivity [4, [8] [9] [10] . PANI can form π − π interactions; thereby, it has been combined with metal oxides and carbon-based materials (carbon nanotubes, fullerene, and graphene) to be used as electrode materials, gas sensors, or electronic nose, artificial muscles [11] [12] [13] [14] . From these, the addition of graphene has been reported to provide high electrical and thermal conductivity, as well as high surface area, good cycling stability, and large capacitance values [2, 15, 16] . Recently, PANI has been used as a special class of polymer for the production of flexible thermoelectric devices. Inorganic materials are classic thermoelectric materials, but they are unsuitable for use in low-temperature flexible devices [17] . Thermoelectric devices are used for direct conversion of heat electricity and play an important role in the development of sustainable energy-efficient technologies.
The thermoelectric yielding of a material is defined by the figure of merit (ZT); ZT = σα 2 /κ where σ is the electrical conductivity, α is the seebeck coefficient, and κ is the thermal conductivity of the material [18] [19] [20] . PANI has very poor thermoelectric response; however, its flexibility and low-cost features have increased the demand, based on the fact that the electronic conductivity depends on the oxidation level, molecular arrangement interchain separation degree of crystallinity, and doping. This last item is essential to increased electronic conductivity and Seebeck coefficient [17, [21] [22] [23] [24] . For this reason, different strategies for preparing nanocomposites of inorganic material-conducting polymers to be used as flexible devices with high performance are highly demanded. PANI/graphene and poly (3,4 ethylenedioxythiophene : polystyrene sulfonate (PEDOT : PSS)/graphene have been reported as nanocomposite materials to enhance electrical conductivity and flexibility for thermoelectrical applications, although the correct way and interaction pathway to obtain novel composites of IPCs/graphene are still far to understand.
In this work, PANI/TERGO hybrid composites were prepared by in situ polymerization in order to determine the interaction type, effect of TERGO amount, and morphology on the electrical performance.
The used strategy was to carry out in situ polymerization of aniline monomer and add different quantities of TERGO powders (10, 20 , and 30 wt%), which were in turn prepared by a two-way route, Hummer's method, and one step potential (−2 V) followed by annealing process at 400°C. The morphology and structure of the PANI/TERGO composites were characterized by Raman spectroscopy, ultraviolet-visible spectroscopy (UV-Vis), X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The electrical resistivity in the composite was determined by four-point resistivity.
Experimental Section
2.1. Materials and Modified Hummer's Method. Graphite (average mesh of 20 μm, 99.99% purity), NaNO 3 , ethanol (99.5% purity), cyclohexanone (99.8% purity), chlorobenzene (99.5% purity), and H 2 SO 4 were acquired from SigmaAldrich reagents. HNO 3 , chloroform, KMnO 4 , H 2 O 2 (30%), and HCl were obtained from Fermont analytical reagents. GO was synthesized from graphite powder according to the modified Hummers' method [25] . 5 g of graphite and sodium nitrate (2.5 g) were put into 115 mL of concentrated H 2 SO 4 in a cooling bath to keep a constant temperature of 5°C for 5 min. Thereafter, the mixture was stirred continuously in the bath for 2 hours meanwhile 15 g of KMnO 4 was slowly added to prevent a sudden temperature rise. Eventually, the reaction temperature got close to 35°C and was maintained under stirring for 30 minutes. Deionized water (138 mL) was added up to reach a temperature of 98°C, and the system was kept under stirring for 30 minutes. Then, the reaction was terminated by adding deionized water (420 mL) and a gradual addition of hydrogen peroxide, 50 mL (10% (v/v)), maintaining a constant temperature of 40°C.
The solution was kept in air overnight to separate the residual medium, and the precipitate was collected for further characterization. The precipitate was collected under vacuum using a Millipore filter (0.22 μm) and washed several times with 5% HCl (v/v); afterwards, the solid was dried at 60°C for 12 hours.
Electrochemical Reduction of GO.
A typical two-cell configuration connection to a BK precision 1746B DC power supply was used to reduce electrochemically GO using 304 L austenitic stainless steel plates (30 × 30 × 2 mm) as electrodes. A homogenous H 2 SO 4 solution (30% (v/v)) was prepared with GO powders by stirring the solution for 30 min. The applied potential was of 2 V for 10 minutes.
The ERGO samples were annealed at 400°C (1h) to evaluate the effect of the sintering temperature on the oxygen-containing groups unattached from the graphene surface and weight loss.
Chemical and Structural
Characterization. PANI/ TERGO composites were uniaxially compacted at 8 MPa to obtain pellets of 15.0 mm in diameter and 1.0 mm in thickness. The functional organic groups forming hybrid composites, at each experimental condition, were followed by means of FT-IR spectra using a PerkinElmer Spectrum One series 51394 infrared spectrophotometer equipped with attenuated total reflection. The samples were recorded from 4000-400 cm −1 . The chemical composition was recorded with a Renishaw inVia microscope-based Raman spectrometer. The spectra were collected using an excitation wavelength of 514 nm (2.41 eV). The measurements were performed at 0.5 mW avoiding the effect of laser heating. UV-Vis spectra were acquired using a Cary 5000 spectrophotometer, Agilent Technologies UV-Vis NIR, in the wavelength of 200-1000 nm using methanol (0.1 mg/3 mL EtOH) as dissolution medium. Surface morphology of the synthesized composites was evaluated by scanning electron microscope (FEI, Nova NanoSEM 630 FESEM) using 5 kV of accelerating voltage. The structural observation of the samples was conducted by high-resolution transmission electron microscopy (FEI, Talos F200X). The phase composition of the samples was identified by X-ray diffraction (XRD) (PANalytical X'Pert Pro MPD) with CuKα radiation (λ = 0 15406 nm). The data were collected between scattering angles of 5-90°and at a scan rate of 2°·min −1 . , and 2700 cm −1 , respectively (Figures 1(a)-1(c) ). D and 2D bands are assigned to the active defects of graphite [26] , whereas the G band belongs to the doubly degenerate E 2 g mode at the Brillouin zone center [27] . The integrated intensity ratio of the D and G bands (I D /I G ratio) was about 0.22. As it is known, the graphite structure contains pure sp 2 bonds where each carbon atom is bonded with other atoms in the hexagonal ring via σ bonds. It also has delocalized π bindings that extend throughout the entire plane. Both sp 2 and delocalized π bonds facilitate the free movement of π electrons [28] . As a consequence, oxidation of graphite to obtain graphene oxide is associated with the covalent grafting of oxygen functional groups [29] . Raman spectrum of conversion of sp 2 -hybridized to sp 3 -hybridized atoms by graphite oxidation is shown in Figures 1(d)-1(f) . The reduction in the sp 2 hybridization (σ bonds) was detected with the diminishing of G band intensity, whereas the generate defects can be correlated with the increment of the intensity of the D band [30] .
Results and Discussion
Generally, the appearance of a sharp single peak (Lorentzian) at around 2700 cm −1 is indicative of having a single-layer graphene [31] . However, during graphite-GO transformation, the 2D peak becomes broader and splits into two peaks, the 2D and D + G bands at 2637 cm −1 and 2917 cm −1 , respectively [32] [33] [34] . In this case, the I D /I G ratio was found to be 0.77. . The band at 225 nm corresponds to the π − π * transitions of the C=C bonds whereas at 280 nm, it can be seen that the n − π * transition correlates with the C=O bonds [37] [38] [39] . After the reduction of GO-ERGO and ERGO-TERGO, the bands shifted to higher wavenumbers from 225 to~276 and from 280 tõ 276 nm. This feature is a consequence of the reduction of π electrons. It is evident that electrochemical and thermal methods guarantee the reduction of oxide groups inducing transitions shifting the bands to higher wavenumbers [40] . (epoxy group C-O-H), and 1053 cm −1 (C-O groups) [41, 42] . After electrochemical reduction of GO (Figure 3(b) ), the C=O band stays at the same position, while the C=C band shifts to a higher wavenumber suggesting a weakening of the aromatic ring due to the π − π stacking. Previous reports indicated an important enhancement of the π − π stacking only after applying 20 V or 25 V during an electrochemical reduction of GO [43] . Another characteristic derived from the reduction observed is the decrease in intensity of the epoxy group C-O-H and C-O groups attached to the edges. ERGO spectra suggest that the electrochemical treatment did not remove all the oxygen-containing functional groups to produce fully reduced graphene. On the other hand, when ERGO was thermally treated (TERGO), the only feature observed in the spectra of Figure 3 (c) was the shifting of the C=C band to a lower wavenumber. Thus, the annealing process (400°C) improved the π − π stacking promoting strong TERGO interactions [44, 45] (see supplementary material (available here)).
X-Ray Diffraction (XRD)
. X-ray diffraction patterns of graphite, GO, and TERGO were evaluated to analyze structural changes, and the results are shown in Figure 4 . Graphite powders show the typical (002) Bragg reflection of the plane of graphite at 26.71°(interlayer spacing of 3.4 Å) and the high-order (004) plane (54.85°) that corresponds to the polyarene layers [46, 47] . After Hummer's method, the XRD pattern of GO shows a stretch signal of the (001) plane at 12.5°r elated to the exfoliation with interlayer spacing of about 7.8 Å [48] . The increase of interlayer spacing is mainly due to the introduction of different functional oxide groups between graphite layers [49] . Another specific reflection is the small one observed at 42.5°corresponding to the (100) plane [50] .
Electrochemical reduction and thermal treatment applied to the samples provoked the destruction of the regular layer stacking of GO and are responsible of the disappearance of the (001) plane [50] . Additionally, the TERGO sample displays a new diffraction peak at 24.5°(interlayer space of 3.62 Å), which confirms a poor ordering in the stacking direction [51, 52] .
Morphological and Microstructural Characterization.
The surface morphology of the graphite, GO, ERGO, and TERGO structures is shown in Figure 5 . Graphite micrographs display an enlarged surface with a flake shape, which Journal of Nanomaterials is characteristic of this material ( Figure 5(a) ) [53] . These flakes are strongly modified during the GO production. Figure 5 (b) shows crumpled-and wrinkled-layer morphologies of GO where it is possible to observe the edges of individual sheets [54] . On the other hand, Figure 5 (c) displays a creased and disintegrated morphology of TERGO with finer and more defined sheets that were randomly aggregated [55] . Combination of the reduction processes produced the restoration of the hexagonal red providing a more defined sheet separation (see supplementary material). TERGO structures presented highly disordered surface containing a wrinkled-type shape which were in turn formed by layers folding or twisting provoking deviation of the sp 2 planar character [56] . It is well stated that wrinkle and ripple morphologies depend on physical dimensions, topology, and assembling, i.e., wrinkles and ripples occur nominally on a two-dimensional plane, where wrinkles have a high aspect ratio with a thickness between 1 and 10 nm, height below 15 nm, and length above 100 nm (aspect ratio > 10); ripples are more isotropic (aspect ratio≈1) valleys and peaks with a feature size below 10 nm [57] . Thus, TERGO samples showed a morphology classified as wrinkled.
TEM images of GO, ERGO, and TERGO powders are shown in Figures 6(a)-6(c) . TEM micrographs confirm the formation of single crystalline structures, although it is also evident that the combination of more than one reduction route, specifically, electrochemical and thermal ones, led to obtain an effective removal of oxygen functional groups. During the reduction processes, the morphology is modified from paper-like graphene layers to wrinkled-type structures. Because the final reduced graphene oxide structure is highly dependent on the reduction strategy, it is reasonable to assume that combination of electrochemical and thermal methods reassembles the π-conjugated structure in order to change almost totally their hybridization to sp 2 [58] .
3.2. PANI/ERGO Characterization 3.2.1. Raman Spectroscopy. The conductive behavior of polymers is achieved when the oxidizing agent interacts through the monomers with a lone pair of electrons; in this process, a free positive charge is formed (polarons) and is arisen from the coupling between electrons and phonons. The PANI chains are formed from three basic segments: benzenoid, semiquinonoid, and quinonoid; all of them are associated to the leucoemeraldine, pernigraniline, and emeraldine states, respectively. Specifically, for its industrial interest, the polaronic and bipolaronic forms of PANI (emeraldine) have been studied by theoretical approaches [59] [60] [61] [62] . 
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Raman spectroscopy was used to distinguish PANI polaronic states and evaluate the effect of adding different amounts of TERGO powders during the PANI polymerization. Raman spectra after adding 10, 20, and 30 wt% of TERGO powders are shown in Figures 7(a)-7(d) .
Conductive PANI displays the ν(C=N) stretching vibration of quinoid units and δ(NH) deformation vibration associated to the semiquinonoid structures located at~1490 cm In the spectra, a Raman shift at about 1335 cm −1 is observed and correlated with the deprotonation which is a result of polaron formation with small conjugation lengths. If a severe deprotonation occurs, a broad band is observed at 1380 cm −1 whereas its absence guarantees the protonation of the prepared PANI emeraldine base. Deprotonation in the hybrid materials is confirmed by the weak shoulders at 1506 cm −1 and 1583 cm , both assigned to νC=N and ν C=C modes of quinoid rings (Q band). The band of CH inplane bending vibration at 1178 cm −1 corresponds to the semiquinonoid ring (cation-radical segments). A typical sharp band at around 1375 cm −1 is missing in these spectra suggesting that there are no overoxidized segments, during the process. The bands at lower frequency, 421 and 515 cm −1 , emerge as a function of the used laser power. Finally, the centered band at 595 cm −1 can be associated to the cross-linked structure of phenazine-like rings.
PANI-TERGO composites showed similar Raman bands than that presented by neat PANI, but with reduction in the intensity, as observed for the peak ascribed to the polaron C~N + stretching mode at~1335 cm −1 (Figures 7(b)-7(d) ). The reduction is even noticed since low TERGO amounts added to the polymeric matrix. The benzenoid ring deformations at 580 cm −1 and 813 cm −1 are also smooth after TERGO addition. It is well known that the main factors that affect intensity in Raman spectra of PANI polaron bonds included the following: (a) conjugation and quantity of π electrons in Journal of Nanomaterials the chain, a high amount of π electrons provokes an increment in the intensity of Raman bands and a displacement to low Raman shift, (b) the chain protonation degree in the PANI (emeraldine) which is modified by the addition of TERGO powders, and (c) the ratio of symmetric (C~N + ) and nonsymmetric (C~N + -C) polaronic bonds, i.e., chemical neighbor. Thus, under the experimental conditions, the presence of graphene powders clearly causes deterioration of the PANI polaron number; probably ascribed with a weak interaction between the PANI charge carrier and π electron density of TERGO. Figure 8 shows the UV-Vis spectra of the as-obtained composites and its comparison with pure PANI. Neat PANI have shown three main transitions, the first peak at around 360 nm is assigned to the π − π * transitions in benzenoid rings, the second at 450 nm, which is seen as a small transition, is also characteristic of polaronic transition (polaron π * ), and the last band appears at 820 nm and is attributable to the π polaron transition of quinoid rings through PANI chains [63, 64] .
UV-Vis Spectroscopy of PANI/TERGO Composites.
UV-vis spectra of hybrid composites show absorption band combination of both constituents. For example, the absorption band at 270 nm is associated with n − π * transitions generated during restoration of the electronic configuration (sp 2 ) and decreases with the TERGO amount. Differences in intensity are mainly due to conjugative effects of the chromophore unit (C=C and C-O bonds) that influences the π − π * transitions of graphitic structures [65] . An enlargement in the visible region (520-610 nm) showed an emerging band that shifts between 565 and 585 nm depending on TERGO quantity. It has been proposed that emeraldine absorption correlated with the n − π * excitation of the amine and imine segments appearing at 620 nm [66] [67] [68] but, it can be displaced at lower wavelengths in presence of reduction agent [69] . Thus, UV-Vis absorption features suggest that TERGO powders are acting as reducing agents shifting to low wavelength n − π * excitations. Figure 9 shows FTIR measurements of pure PANI and PANI/TERGO composites where it is seen that in general, after adding TERGO powders to neat PANI, the spectra 1000 1200 1400 1600 1800
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Raman shift (cm 7 Journal of Nanomaterials reduced the intensity of the main bands. Some displacements in the absorption bands provided evidence of composite formation. Specific features are analyzed as follows: FT-IR spectra showed that the −OH stretching mode of TERGO and N-H stretching vibration of a secondary amine in the PANI backbone completely disappeared (see the inset of the emeraldine base structure, Figure 9 ). An important reduction in the intensity is observed in the quinonoid stretching ring (1559 cm ) [70] [71] [72] [73] [74] . Thus, FT-IR spectra evidence that with the amount of TERGO powders, the transmittance is gradually reduced.
XRD of PANI/TERGO
Composites. XRD spectra of PANI/TERGO composites with its corresponding deconvolution are shown in Figures 10(a)-10(e) . Diffraction peaks at 9°, 14.6°, 20.5°, and 25.3°from (001), (011), (100), and (110) planes, respectively, matched well with the octahedral phase of PANI [69, 75, 76] . In the reflections from composites, any important change in positions was not detected. However, it was observed that the intensity and widening of the (110) plane decrease with TERGO quantity, reducing the crystallinity, crystallite size, or the weakened stacking along the specific direction of PANI [77] . To evaluate this modifications, XRD patterns were deconvoluted using a Lorentzian function and the fittings are shown in Figures 10(b)-10(e) . PANI displays 61% of the crystalline Figures 11(a)-11(f) show SEM micrographs of pure PANI and PANI/TERGO composites. Pure PANI shows long agglomerates formed by smaller semispherical particles; the average particle size is about 300 nm. Hybrid composites display a combined morphology between the PANI and TERGO structures, suggesting a physical interaction between both morphologies.
The composites are composed of PANI-covering TERGO nanosheets. In agreement with previous reports, a high amount of graphene flakes occasionally breaks the film at higher thickness and characteristic wrinkled graphene nanosheet walls are evident [78] . Magnification of selected samples (Figures 12(a)-12(b) ) confirms evolution of the morphologies dependent of the TERGO quantity. Journal of Nanomaterials TEM micrographs show the internal microstructure of composites, which change from a semispherical shape to extend sheets with the amount of TERGO powders (Figures 13(a)-13(d) ) [79] [80] [81] . Evolution of the microstructure is consistent with SEM observations, i.e., PANI is sandwiched between ERGO layers.
3.2.6. DSC/TGA Analysis. Figures 14(a)-14(e) show the TGA curves and their derivatives for PANI and PANI/TERGO. The derivative curves indicate that the degradation of PANI occurs in four stages (Figure 14(a) ). The first weight loss below 100°C (14.55%) is due to the absorbed moisture while the peak between 130 and 360°C (28.19% weight loss) is attributed to the dopant evaporation, i.e., to the water molecules that are attached and acted as a secondary bond of PANI. Another intermediate is between 400 and 680°C (53.84%), which is correlated to the carbonization of the PANI backbone. Finally, in the temperature range of 680-900°C (61.77%), the subsequent burning of carbon is obtained. There is an important change in the thermal stability of PANI with TERGO incorporation (Figures 14(b)-14(d) ). Dependent of TERGO amounts, the weight loss decreases in each stage. Values of weight loss % at the final stage were as follows: 54.77% (10 wt%), 49.7% (20 wt%), and 46.69% (30 wt%). Weight loss reduction is a direct consequence of the thermal stability obtained by the physical interaction between composite constituents (Figure 14(e) ). Figures 15(a)-15(c) display the electrical properties of PANI, GO, and TERGO with different amounts added to the polymeric matrix (10, 20, and 30 wt%). In the plot, the reciprocal of the slope represents the electrical resistance of the compressed films (Figure 15(a) ). The insulator behavior of GO is clearly observed in the figure. As expected, a higher difference was found in the electrical conductivity of GO and TERGO powders with values of 0.41 S/m and~100 S/m, respectively ( Figure 15(b) ). In good agreement with previous reports, the pure PANI exhibit an electrical conductivity of~24 S/m; surprisingly, when TERGO was added to the PANI matrix, the conductivity of composites only increases in the range of 30-39 S m 13 Journal of Nanomaterials close to pure PANI and quite low in comparison with TERGO particles. Recent investigations have demonstrated that an improvement in the electrical conductivity of hybrid composites is correlated with the high aspect ratio of the carbon microstructure (carbon hexagonal lattice) and the interaction with the polymeric matrix, where the adatoms act as bridges for the electron transport which in turn favored the electrical conductivity. Thus, the prepared PANI-TERGO composites exhibit a poor increment in the electrical conductivity that is correlated with the observed morphology. TERGO plates coated with PANI do not influence positively the π − π * transition of PANI because TERGO do not present a total planar structure of graphene sheets. The planar structure is required to increase the contact area between PANI and TERGO and constructed a conductive network with a higher electron transfer rate (low resistance) [78] . The rough TERGO surface conditioned the homogeneous nucleation of a large amount of polymer (PANI) reducing the area to move the electrical charge.
Electrical Performance.

Conclusions
TERGO films were synthesized by combining modified Hummer's process followed by two reduction methods (electrochemical and thermal processes). The electrical properties of PANI/TERGO composites were analyzed in terms of interaction type, TERGO amount, and morphology. From the above results, the following conclusions can be identified.
(i) Combining suitable conditions of the electrochemical and thermal methodologies, it can effectively induce surface defects in graphene oxide structures. The defects were produced by typical pathways such as eliminating oxygen groups, improving the π − π stacking, and provoking strong interactions between TERGO sheets
(ii) The XRD peak at 24.5°with an interlayer space of 3.62 Å confirms a poor ordering in the stacking direction (iii) The addition of TERGO layers to PANI provokes a reduction in the intensity in different Raman shifts because it affects partially the PANI polaron number. The interaction occurs between the PANI charge carrier and TERGO π electron density (iv) The reduction intensity was also observed in FT-IR measurements, specifically at 1559 cm , which corresponds to the quinonoid stretching ring and to the C-N + stretching in the polaron structure (v) PANI-TERGO composites provide a mixed morphology between pure PANI and TERGO powders, but this influences negatively the π − π * transition of PANI because TERGO do not present a total planar structure of graphene sheets. Thus, a rough TERGO surface conditioned the homogeneous nucleation of a large amount of polymer (PANI) reducing the area to move the electrical charge.
The maximum electrical conductivity was obtained with 30 wt% of TERGO being added to the PANI matrix.
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